Cells of Bacillus subtilis, when suspended in a 5mM metal solution, bind metals tenaciously to their cell walls. These metal-loaded cells, when mixed with a synthetic sediment and put under laboratory conditions to simulate low-temperature sediment diagenesis, nucleate the formation of a mixed assemblage of crystalline metal phosphates, metal sulfides, and polymeric, metal-complexed, organic residues. The sequential series of diagenetic events leading to the formation of authigenic mineral phases was followed by transmission electron microscopy and energy-dispersive X-ray analysis. The minerals quartz (SiO2) and calcite (CaCO3) were employed in the synthetic sediment. Crystalline magnetite (Fe2O3) and elemental sulfur were added as redox buffering agents to ensure anoxic conditions. Quartz and magnetite appeared unreactive throughout the experimental conditions. Elemental sulfur interacted with the metal-loaded cells, affected both the eventual chemistry and crystal habit of the metal phosphates, and formed a variety of crystalline metal sulfides. Calcite raised the pH of the fluid phase of the sediment, which influenced phosphate mineralization and inhibited metal sulfide genesis.
Cells of Bacillus subtilis, when suspended in a 5mM metal solution, bind metals tenaciously to their cell walls. These metal-loaded cells, when mixed with a synthetic sediment and put under laboratory conditions to simulate low-temperature sediment diagenesis, nucleate the formation of a mixed assemblage of crystalline metal phosphates, metal sulfides, and polymeric, metal-complexed, organic residues. The sequential series of diagenetic events leading to the formation of authigenic mineral phases was followed by transmission electron microscopy and energy-dispersive X-ray analysis. The minerals quartz (SiO2) and calcite (CaCO3) were employed in the synthetic sediment. Crystalline magnetite (Fe2O3) and elemental sulfur were added as redox buffering agents to ensure anoxic conditions. Quartz and magnetite appeared unreactive throughout the experimental conditions. Elemental sulfur interacted with the metal-loaded cells, affected both the eventual chemistry and crystal habit of the metal phosphates, and formed a variety of crystalline metal sulfides. Calcite raised the pH of the fluid phase of the sediment, which influenced phosphate mineralization and inhibited metal sulfide genesis.
There is an intricate yet delicate web of microbial interaction with the environment. One of these interactions concerns the transport of metals and their various organic derivatives throughout nature, and it is well established that a significant fraction of many metals in the hydrosphere is contained in the biomass. For example, some bacteria, such as Thiobacillus spp., are able to interact with and leach metals from minerals (25) ; sulfate reducers contribute to sulfide minerals (10) , and Spherotilis and Leptrothrix spp. incorporate ferric and manganese oxides into the substance of their sheaths (1, 35) ; each affects metal mobility in the environment. Yet we are also accumulating evidence that most microbial surfaces are anionic (5, 6, 9, 13, 27) and consequently interact passively with available cations in the surroundings. In particular, the cell walls of Bacillus subtilis bind many metal species (5, 9) by means of chemical complexing with available constituent carboxylate and phosphodiester groups (8, 16, 23) . Metal species which occur in minute amounts in the water column (e.g., high atomic number elements [19, 21, 26] ) were especially bound in large quantities (5) , and this has led us to speculate that biological polymers serve to immobilize and concentrate rare metals in nature (4) . For example, although the oceans contain only 1 to 3.3 ppb soluble uranium (1 to 3.3 ng/ml) (19, 25) , this could provide ca. 1.4 x 1012 kg of sedimentable uranium if efficient bioprecipitation occurred.
A significant portion of the organic matter of aquatic (both marine and freshwater) sediments consists of small colloidal aggregates which are composed of highly cross-linked heteropolymeric materials of biological origin (17) . These are very resistant to degradation, and at least some of the most durable polymeric networks are of bacterial origin (15) . The The exact mechanisms and series of steps leading to low-temperature mineralization of organic-rich sediments are poorly defined, but the evidence of microfossils (32) and their organic remains (18, 31) For each sample, the location and efficiency of metal binding were checked and recorded by the electron microscopy (EM) of unstained thin sections, using the sorbed metals as the sole electron scattering agents (9) .
Preparation of synthetic sediment. "Spec pure" calcium carbonate and crystalline quartz were chosen as components for the synthetic sediments used in the diagenesis experiments. The former was chosen because of its alkalinity, whereas the latter was chosen because of its chemical inertness. Each mineral was ground in an agate mortar and sieved to less than 200 mesh. Elemental sulfur and crystalline magnetite (1-mm grains) were used as redox buffers to remove dissolved oxygen and to ensure adequately low Eh values throughout the experimental runs. All minerals were checked by powder X-ray diffractometry.
Experimental procedure for geological aging. Diagenesis experiments were carried out by mixing approximately 25 mg of dried bacterial cells, 50 mg of either elemental sulfur or magnetite, 250 mg of prepared synthetic sediment, and 0.5 ml of pure, deionized type II water (Milli-R/Q Water Purifier, pH 7.0) in a Pyrex tube (1-mm wall thickness, 6-mm bore, 1 to 1.5-ml capacity). When combinations of minerals were used in the sediment preparation, they were mixed on a 1:1 basis to the required amount. After being sealed by flame, the tubes were heated in a temperature-controlled oven at 100 + 2°C for periods of 1, 10, 100, and EDX spectra were obtained from both whole mounts and unstained plastic (Epon 812) embeddings which were mounted on either 200-mesh nylon grids or copper grids. Those specimens on copper grids had a characteristic copper peak at 8.05 keV. Since cells of B. suibtilis are generally low in chlorine, the relatively large chlorine peaks (at around 2.69 keV) are considered to be due to contamination from the Epon 812 matrix. Likewise, the presence of a prominent silicon peak (at around 1.75 to 1.8 keV), regardless of the instrumentation used or the material analyzed, suggests contamination from the glassware, although biological leaching cannot be ruled out (20) .
The minerals produced by the experiment were all extremely fine grained (less than 5 ,um), and consequently their identification relied solely on interpretation of transmission electron microscope images supported by qualitative X-ray spot analysis. Thin sections of the crystalline products were often too electron dense to provide accurate diffraction images. However, in most cases, the crystal symmetry and chemical analyses provided sufficient information for tentative identification.
Both X-ray diffraction analysis, using an 11-cm Debye-Sherrer camera and standard scanning electron microscope analysis were attempted. However, the results proved inconclusive due to the high matrix-tocell ratio and the extremely fine nature of the authigenic constituents.
pH analysis. The pH of the reaction fluid was checked for 19 selected samples covering a wide range of metal-sediment-redox buffer combinations heated for 100 and 200 days (see Table 3 ). All pH analyses were carried out in a nitrogen atmosphere to prevent oxidation of dissolved constituents. On opening the tubes, a small quantity of fluid was blotted onto three different pH indicator papers having overlapping ranges graduated into 0.3 pH units. This enabled the pH to be approximated within + 0.2 pH units.
RESULTS
Organic diagenesis. Although all reaction vessels were sealed under atmospheric pressure, those containing bacterial cells usually developed pressure (estimated to be between 0.5 and 1.0 bar [50 to 100 kPa]) after 10 days of incubation at 100°C. Generally, the pressure increased with the length of the incubation period. Also, the fluid phase in those tubes containing bacteria developed a yellow color which was independent of the presence or nature of test 22 , Burlington, Canada). Presumably, the discoloration of the test fluids was a consequence of the synthesis of soluble organics during the thermal degradation of the bacterial cells. Since the volume of the test fluid was so small (0.1 ml), specific organic analyses were not possible.
The contents of each reaction vessel were sampled and processed for the electron microscopy of thin sections. This allowed us to follow structural changes in the bacteria during diagenesis. Since no stains were used on these specimens other than the metal which was originally sorbed to the cells (Fig. 1) , electron scattering profiles allowed us to monitor the migration of metal during the experiment. The quantities of bound metal have been previously published and can be found in references 5 and 9. Energy dispersive X-ray analyses (EDX) analyses of select areas within each specimen provided compositional data during the experiment. A listing of the results of the experimentation can be found in Table 2 , and a survey of our observations by EM is seen in Fig. 1 to 23 .
In general, the observed sequence of events was as follows: (i) loss of structure of the bacterial wall and its subsequent mineralization (extracellular phosphate crystallization-see (Fig. 8, 9 , and 19); and (v) intense polymerization of metal-complexed organics and pronounced organic-metal phosphate (or metal sulfide) interaction leading to recrystallization ( Fig. 15-17, 19, 20 ).
These reactions were followed by EDX analyses which confirmed that the eventual authigenic mineral phase contained the metal which was originally supplied by the bacteria. When magnetite was used as a redox buffer, there was no detectable iron in the mineral phase (i.e., the magnetite had not been leached [ Fig. 3 to 7] ). However, the use of the elemental sulfur as a redox buffer usually produced crystalline metal sulfide as an end product (Fig. 16, 17 19, 21) provide strong support for the synthesis of insoluble organic-metal complexes during diagenesis. Diffuse electron opaque surfaces on crystalline phosphate (Fig. 9, 15, 18, 20) are interpreted as thin coatings of organic-metal residues which have adsorbed to the crystal faces.
Apart from the mineralization and loss of cell wall structure, cellular degradation appeared less pronounced in runs employing iron-, copper-, and zinc-loaded cells. Degradation was most apparent by the formation of phosphate microcrysts (Fig. 20) , of large spheroidal structures associated with framboidal metal sulfide (which are interpreted as organic colloids [ Fig.  15] ), of granular sulfide spherules (Fig. 19) , and of the incipient polymerization of cytoplasmic material ( Fig. 9 and 18 ). Tests carried out with unreacted control cells yielded similar results; after aging, the loss of cell wall structure and incipient crystallization of phosphate mineral occurred (Fig. 2) . Phosphate mineralization. Thermal degradation of uranium-loaded cells resulted in the crys- (15) This preparation contained copper-loaded cells, quartz, and sulfur and was aged for 10 days. A mixed assemblage of isolated euhedra, framboids, and crystalline aggregates was produced. Seen here is an example of authigenic copper sulfide production; copper sulfide microcrysts (arrows) are arranged around electron translucent, colloidal organic material (C), and this image is interpreted to indicate incipient framboid development. Bars = 100 nm.
tallization of a phosphate mineral in all experimental runs independent of the nature of the sediment or redox buffering agent used (Table  2) . Mineralization began in the bacterial wall as fine acicular or tabular microcrysts about 60 nm in length (Fig. 3 and 5) , and these grew in size until at the 200-day stage, phosphate needles 210 ,um were common. EDX spectra (Fig. 7 and  10 ) for all crystal stages were similar, and these results plus the crystal "habit" (Fig. 9) are consistent with those characteristics of metaankoleite, a hydrated phosphate mineral of K2(U02) (PO4)2 -6H20 chemistry.
Similar microcrysts were observed in a number of runs involving copper-loaded cells (Fig.  18 ) and control cells (Fig. 2) . Although no extensive EDX analyses were done on these specimens, their crystal form and close association with the bacterial cells resembled the potassium uranium phosphate assemblages and suggested minor phosphate mineralization. (Fig. 15-17) . The sulfide euhedra were frequently associated with electron transparent colloidal material which could be of organic nature (Fig. 15) . Continued aging for 200 days produced a dramatic increase in both crystal size and crystal form (compare Fig. 16 and 17 ). EDX analyses of these sulfides indicated that these were pure phases, although the cubic form contained small amounts of iron. The hexagonal form is most probably covellite (CuS), although low-temperature, hexagonal chalcocite (Cu2S) cannot be ruled out (12 in a variety of crystalline forms resembling those shown in Fig. 15 to 17 . However, the bulk of the zinc sulfide occurred as electron-opaque granules and spherules (hollow granules) which were intimately associated with the bacterial cells (Fig. 19) . With progressive aging, the size of the granular spherules increased at the expense of the isolated granules. It therefore seemed that these spherules grew by accretion of the isolated granules. It is possible that the electron-transparent zone in the center of each spherule is an organic phase. The sites of development observed by electron microscopy indicate that the bacterial surface (presumably the wall) is necessary for their growth, and EDX confirmed that the crystalline and granular forms were pure zinc sulfide phases (Fig. 21) .
Conditions of product formation. ploying elemental sulfur as a redox buffering agent, a strong smell of hydrogen sulfide was detected when the vials were opened, indicating a low redox potential in these runs.
In general, organic degradation and phosphate formation were most pronounced in runs using uranium-loaded cells. In these experiments, the bacteria degraded most rapidly at the more neutral pH values (6.8 to 6.9), with the organic residues polymerizing most intensely in the presence of hydrogen sulfide. Phosphate formation correlated well with cellular decomposition, but aggregation and recrystallization of the potassium-uranium-phosphate were most intense in the absence of calcite (i.e., at the lower pH values). All copper and zinc sulfides formed at the low pH values. The lower degree of phosphate mineralization in the copper and zinc experiments suggested that highly electropositive metallic cations were a prerequisite for intense phosphate formation. Appearances suggested that the uranyl cation may have more actively catalyzed the breakdown of native cellular polymers and thus promoted the release and subsequent precipitation of organic phosphate. DISCUSSION The surfaces of most types of cells are highly anionic, and bacterial cells are no exception. Those of B. subtilis certainly react with and bind substantial amounts of metal from aqueous solution and have presented a good model system to study the binding characteristics (5, 9) . We have attempted to equate these results, in a general way, to the contribution we can expect of biological polymers in nature to the mobility and migration of metals throughout the environment. We envision a light but constant rain of these polymers throughout natural bodies of water which would concentrate metals into the sediment. Here the more durable metallo-organopolymers would undergo a series of biological and geochemical degradations until mineralization was completed and a low-temperature metamorphic horizon was produced. We would expect the less durable polymers to exchange metallic ions with their more durable neighbors, thereby making possible high concentrations which could inhibit degrading enzymes. It is difficult to extrapolate the B. subtilis model system to a sediment environment unless experiments which mimic the environmental situation are employed. Clearly, actual experiments outside the laboratory in natural sediments would be difficult to monitor and to control. Accordingly, we had set up a series of small-volume sediment situations in the laboratory which could be controlled and accurately monitored. (36) , but free uranyl ion is readily coordinated to available anionic sites on biological polymers (5, 7, 8, 16) . Uranium frequently demonstrates a marked positive correlation with phosphorus in modern marine sediments and fine-grained sedimentary rocks (3, 33) . Marine phosphorites can contain 190 ppm uranium (190 ,ug/ml) (38) . In organic-rich phosphatic shales, uranium is typically associated with the phosphate phase, whereas in phosphate-deficient shales, the uranium is retained by the organic phase (39) . The stability of the organically complexed uranium throughout diagenesis must, to a large extent, be affected by the formation of authigenic phosphate minerals; this, in fact, has been confirmed by our experiments.
The low temperature relationships involved in the formation of sulfide minerals are not well defined. Several studies have suggested the importance of metal-organic complexes during their formation, but the partitioning of the metal to the sulfide phase most probably depends on the stability of the metal-organic compound (29, 37) . Clearly, in our system, sulfide production is intimately associated with the bacterial cells and the metal which is coordinated to them. To our knowledge, this is the first instance that metal sulfide framboid production has been definitely correlated to biological material since these bacterial cells nucleated their development during the experiments.
Clearly, we must be careful in our extrapolation of these laboratory results when we attempt correlation with conditions prevailing in a natural system. However, several lines of evidence exist to support a close correlation. Organics and metal sulfides commonly exhibit close association with phosphate in fine-grained sedimentary rocks (40) and, as previously mentioned, the correlation of uranium and phosphate contents in marine sediments is well documented. The preservation of "fossilized" bacterial cell membranes as metal-organic complexes within 7,000-year-old sediments from the Black Sea, Lake Tanganika, and German oil shale (14, 15) provide compelling evidence for natural, heavymetal sequestering by bacterial walls. "Fossilized" bacterial cells and organic coatings which are intimately associated with metal sulfide framboids have been described from a number of organic-rich sedimentary rocks (14, 24) . Recent evidence definitely promotes a bacterial origin for some phosphate accumulations. "Fossilized" bacilli have been described in freshly fractured late-Pleistocene to Holocene phosphatic nodules (30) .
Numerous reports exist which indicate that microorganisms have been instrumental in the genesis of many ancient sedimentary rock types (2, 15, 18, 31, 37) . In fact, organically walled structures (microfossils?) have been described in sedimentary rocks as old as 3.8 x 109 years (18, 34) . The presence of bona fide fossilized bacteria has been extensively documented in cherts <2 x 109 years old, but they become rarer and less diverse in morphology in the appropriate rocks older than that. The recognition of bacterial cells from nondescript organic residues in many sedimentary rocks is an arduous task because of simple morphology, poorer preservation relative to higher organisms, and the limited range of embedding rocks (i.e., cherts 
